INTRODUCTION
Long-term stability is a key objective in orthodontic treatment, especially satisfactory alignment of the mandibular anterior dentition as quantified by the irregularity index. Whether long term stability of the mandibular anterior segment is affected by alveolar corticotomy and augmentation bone grafting (Cort+) 1, 2 has yet to be demonstrated. 3 
Mandibular Anterior Dental Arch Stability
A consensus of refereed orthodontic literature is that mandibular incisor crowding increases over time and there are no dependable predictors. [4] [5] [6] [7] Increased crowding shows great variation in both untreated 8, 9 as well as orthodontically treated individuals. Eighteen Swedish dentists having no missing teeth or prosthodontic or orthodontic treatment were followed over a period of 40 years from ages 20 to 60; the authors found a significant increase in Little's irregularity index (1.0 mm; P , 0.01). 10 The untreated mandibular arch dimensions of 15 adolescents and 18 adults were observed over a span of about 3 decades, and the rate of mandibular irregularity index increase was greater in adolescents than in adults. 11 Increases in mandibular anterior crowding are also well documented in postorthodontically treated samples. 12, 13 Fifty-two females with mostly Class II malocclusion were followed for nearly 2.5 decades after premolar extraction therapy; the authors reported a 1.1-mm increase in mandibular irregularity index over the 24 years.
14 A mandibular irregularity index increase was reported in 96 patients following an average of 13 years postretention; the increase in irregularity index was significantly greater in adolescents in than adults (1.25 mm vs 0.85 mm; P 5 0.03). 15 The percentage of successful orthodontic treatment outcomes, as measured by the mandibular irregularity index, diminishes as a function of time posttreatment in the absence of permanent bonded retention. 6 An irregularity index score of ,3.5 mm has been designated as minimal and clinically acceptable by Little et al. 5, 7 ; a success rate of 30% at 10 years' postretention and only 10% at 20 years' postretention was observed in premolar extraction cases. After decades of research, the factors responsible for mandibular incisor stability remain elusive, and posttreatment stability is regarded as highly variable and unpredictable.
Booth et al. 16 have demonstrated that 20 years of fixed retention was effective in preventing the irregularity index from reaching scores greater than 3.5 mm. When fixed retention is not used, a consensus of the posttreatment stability literature suggests that the mandibular irregularity index will increase regardless of retainer type if retention is not permanent. 5, 7 In the absence of fixed retention, Rothe et al. 17 compared 10-year postorthodontic samples of minimal (,3.5 mm) and high (.6 mm) irregularity index. The authors measured mandibular inferior border cortices and, by a priori application to the alveolus surrounding the mandibular anterior dentition, concluded that patients with thinner mandibular cortices were at increased risk for mandibular anterior dental relapse.
The purpose of this investigation was to evaluate mandibular irregularity index stability following orthodontic treatment facilitated by Cort+. The null hypothesis tested was that no difference in the mandibular irregularity index 5 years and 10 years posttreatment exists in patients treated with or without Cort+.
MATERIALS AND METHODS

Sample
Approval of the Institutional Review Board at the European University College was obtained to conduct this research project. Study casts of the mandibular dental arches of 136 white patients comprised the sample; 121 were orthodontically treated and 15 were not. Removable retainers (thermoplastic or Hawleytype retainers) were placed for 66 treated subjects; semipermanent, bonded canine-to-canine retainers for 31; and no retainers for 25 subjects (Table 1) . Inclusion criteria for treated subjects were (1) fixed, comprehensive, straight-wire orthodontic treatment; (2) availability of mandibular study casts at pretreatment, immediate post-treatment, and a minimum of 3 years following active orthodontic treatment; and (3) availability of study casts at least 1 year after fixed retainer removal if semipermanent retainers were used. The criterion for exclusion was that study casts did not include all mandibular permanent incisors, canines, and first molars.
Patients' records treated nonextraction with Cort+ were from a private practice; these patients had been requested to wear removable retainers posttreatment for 2 years. Cort+ samples included 43 patients at pretreatment and immediate posttreatment, 39 at 5 years, and 22 at 10 years posttreatment; age at pretreatment averaged 35.3 years. Patient records were obtained for the study as they became available during recall appointments. Every Cort+ patient who fit the inclusion criteria was accepted, and no patient was rejected for any reason other than record nonavailability ( Table 1) . The source of 5-year posttreatment records for patients treated nonextraction without corticotomy (Conv-5) were from private orthodontic practices; patients were requested to wear removable retainers for 2 years posttreatment. Conv-5 patient records were obtained as they became available during recall appointments; sample size was 23 patients and mean age at pretreatment was 23.5 years.
Study casts for treated patients, both nonextraction and extraction, with and without fixed retainers, were from a private orthodontic practice and included 10-year posttreatment study casts. Mean fixed retainer wear for the extraction (n 5 26) and nonextraction (n 5 29) cases were 19.6 and 36.0 months, respectively. The irregularity index among these four subgroups was analyzed at pre-and posttreatment as well as 10 years after active treatment using both 1-way ANOVA (parametric) and Kruskal-Wallis (nonparametric) testing; results showed no statistically significant differences (P . .05), and the patients were pooled (n 5 55). The mean age at pretreatment of the pooled, noncorticotomy, 10-year sample (Conv-10) was 12.7 years.
Mandibular casts of 15 adult (dentist), nonntreated subjects were part of a 40-year, follow-up sample published recently about dental arch dimensions and incisor irregularity in adults 13 ; only the initial and 10-year study casts were analyzed for the present investigation. Sample size was 15 and the sample averaged 20.5 years of age at the first observation time.
Procedures
Mandibular study casts representing pretreatment, immediate posttreatment, and at least 3 years posttreatment were digitally photographed. The photos were taken 90u to the occlusal plane in a standardized manner utilizing a 70-cm digital camera to study cast distance. Each photograph was secured with a millimeter ruler scale placed at the level of the mandibular occlusal plane; the scale was used to normalize the study cast images, thereby minimizing magnification errors.
ImageJ, a public domain, downloadable software program, was used as a photogrammetric measurement tool to record the target irregularity index on the mandibular study cast images. ImageJ has been shown to be a generally reliable and valid photogrammetric method, 18 especially as a technique for measuring the irregularity index. 19, 20 Each study cast was normalized to the scale. The mandibular irregularity index was computed by measuring the displaced contact points of the anterior teeth as described by Little. 21 Reliability of the measurement technique was evaluated by remeasuring six study cast images using ImageJ by the same investigator five times separated by at least 1 week. Intra-examiner reliability was tested using the paired t-test, and no significant statistical differences were found (P . .05)
Data were collected and stored in Excel (Microsoft, Redmond, Wash) and later transformed for use with the Statistical Package for Social Services (SPSS) software (IBM, Armonk, NY), version 15.0.1 for analysis. Homogeneity of variances was not rejected during 1-way ANOVA parametric testing and therefore Scheffè 's post hoc test was performed to determine intergroup differences for irregularity index as well as increments of change from pretreatment to posttreatment, posttreatment to long term (either 5 years or 10 years), and from pretreatment to long term. The paired t-test was used to determine intragroup differences.
RESULTS
Pretreatment age for the Cort+ subjects (35.3 years) was significantly older than the other three subgroups, ie, Conv-5, Conv-10, and the untreated subgroups (23.5, 12.7, and 20.5 years, respectively; P , .000). The Cort+ sample size was 43 subjects at pretreatment and posttreatment and was 39 subjects at 5 years, compared with Conv-5 having 23 subjects. The Cort+ sample size at 10 years (n 5 22) was dissimilar to the Conv-10 (n 5 55) but not different from the nontreated subgroup (n 5 15; Table 1 ). Moreover, the nonextraction Cort+ active orthodontic treatment time of 6.8 months was significantly less than those of Conv-5 or Conv-10 (22.7 months and 
* In millimeters, including sample size (n), mean (x), standard deviation (SD), and range: minimum (min) and maximum (max) for each of the four subgroups at time periods (Time) pretreatment (Pre), immediate posttreatment (Post), and either 5 or 10 years posttreatment (5 y or 10 y); the untreated subgroup included first observation (obs1) and observation at 10 years.
28.5 months, respectively; P , .000). Descriptive statistics were computed per subgroup for the mandibular irregularity index (Table 2) .
Irregularity Index
At pretreatment, the Cort+ group had a significantly higher irregularity index score (9.4 mm) than did either the Conv-10 or the untreated subgroups (4.3 mm and 3.6 mm, respectively; P , .000) but not the Conv-5 subgroup (7.8 mm; P . .05). At immediate posttreatment, there were no differences in mean irregularity index scores among treated subgroups. Long term, Cort+ patients demonstrated significantly lower (P , .000) irregularity index scores than did Conv-5 (1.5 mm vs 4.2 mm; P , .000) or Conv-10 (2.1 mm vs 4.1 mm; P , .000) as well as the untreated (2.1 mm vs 4.5 mm; P , .000) subgroup ( Figure 1 and Table 3 ).
Irregularity Index Increments
The amount of irregularity index change during therapy and following removal of active orthodontic appliances was analyzed. From pre-to posttreatment, Cort+ subjects had a significantly greater amount of reduction in irregularity index score (28.3 mm) than did Conv-5 (26.3; P 5 .01) as well as the Conv-10 subgroup (22.5 mm; P , .000). From posttreatment to 5 years, the rate of irregularity index change for Cort+ patients was significantly less than that of Conv-5 (0.4 mm vs 2.8 mm; P 5 .000). Moreover, from posttreatment to 10 years, the Cort+ (0.9 mm) irregularity index changed significantly less than did Conv-10 (2.4 mm; P , .000). From pretreatment to long term, Cort+ demonstrated significantly more reduction in irregularity index compared with Conv-5 (28.0 mm vs 23.6 mm; P 5 .000), Conv-10, as well as the untreated subgroup (26.9 mm vs 20.2 mm and 0.9 mm; P 5 .000) at 10 years ( Figure 2 and Table 4 ).
Cort+ Irregularity Index Outcomes
Paired t-tests demonstrated that the mandibular irregularity index significantly decreased during Cort+ treatment from a high at pretreatment of 9.4 mm to a low at posttreatment of 1.1 mm (P 5 .000). Significant Figure 1 . Bar chart demonstrating differences in mean irregularity index scores at the four study periods. a One-way ANOVA testing revealed significant differences between Cort+ and all other subgroups except posttreatment and Conv-5s at preand posttreatment. X 5 mean, n 5 sample size, P sig 5 probability significance level, NS 5 not significant at P . .05. increases in irregularity index were found from posttreatment to 5 years (1.1 mm vs 1.5 mm; P 5 .04), from posttreatment to 10 years (1.2 mm vs 2.1 mm; P 5 .009), and from 5 years to 10 years (1.5 mm vs 2.2 mm; P 5 .006; Table 5 ).
Conv-* and Untreated Irregularity Index Outcomes
The Conv-5 and Conv-10 subgroups responded in similar ways, as follows:
N As expected, active orthodontic treatment significantly (P , .000) reduced the irregularity index scores in both Conv-5 and Conv-10 subgroups. N The irregularity index increased significantly (P , .000) from posttreatment to long term for Conv-5 (1.4 mm vs 4.2 mm) as well as for Conv-10 (1.7 mm vs 4.1 mm). N The irregularity index for untreated subjects significantly increased (3.6 mm vs 4.5 mm, P 5 .002) during the 10-year observation period (Table 5) .
DISCUSSION
A fundamental tenet in orthodontics is that mandibular incisor irregularity increases as a function of time. In the present study, this principle was observed in the mandibular anterior arch in all study subgroups. But it appeared that the process of mandibular incisor recrowding after orthodontic therapy was slowed significantly by Cort+ therapy for at least a decade.
Results of the present investigation demonstrated that the mandibular irregularity index was more stable in the Cort+ subgroup, as follows:
N The irregularity index score, while not statistically different from the conventionally treated subgroups at posttreatment, was significantly less than in all other subgroups at 5 years and 10 years. N The increment of change in the irregularity index following orthodontic therapy was significantly less in Cort+ than in all other subgroups at 5 years and 10 years.
Results of research have also indicated an increased stability of the mandibular dental arch following Cort+. 22 Clinically relevant in the present study were the findings that the irregularity index for Cort+ was greater at pretreatment and was reduced during active orthodontic treatment to a much greater extent, yet remained significantly more stable at 5 years and 10 years posttreatment. The scale of the differences is demonstrated in Figure 3 . a One-way ANOVA revealed significant differences between Cort+ and all other subgroups at every study period. x 5 mean, n 5 sample size, P sig 5 probability significance level. A number of investigators have cited an irregularity index of ,3.5 mm as ''clinically acceptable'' in describing mandibular anterior segment stability success after orthodontic treatment. [5] [6] [7] [8] The irregularity index of ,3. Confounding factors related to the case-control study design that may have influenced our results and therefore the findings of the current investigation should be regarded as preliminary. Dissimilar sample sizes were used; the largest subgroup size difference was Cort+ (n 5 22) vs Conv-10 (n 5 55). Pretreatment ages were significantly different, with the largest spread between the Cort+ (35.3 years) and Conv-10 (12.7 years) subgroups. Even though the scale of difference in irregularity index magnitude between Cort+ and Conv-10 at 10 years posttreatment was substantial, results should be interpreted with caution given the sample age differences.
Retainer wear compliance as a confounding factor was considered. Requested of patients was 2 years of removable retainer wear (full time for 6 months followed by 1.5 years' nighttime wear) in the Cort+ and Conv-5 subgroups. Retainer wear was rated by a patient questionnaire using a scale of 3 5 excellent, 2 5 average, and 1 5 poor. Mean retainer wear was rated 2.0 and 2.1 in the Cort+ and Conv-5 subgroups, respectively. In Conv-10, fixed retainers were removed after 19.6 months in extraction and 36 months in nonextraction cases, leaving 7 to 8 years of unretained dentitions. The factor of retainer wear compliance as a confounding factor did not appear to influence the long-term results of the study.
Dependable predictors of postorthodontic treatment stability have not, to date, been identified. In a search for predictors of mandibular irregularity index stability, Rothe et al. 17 evaluated whether the amount and structure of mandibular bone affected the potential of postorthodontic mandibular incisor relapse. The authors compared orthodontically treated samples of 263 patients having a ,3.5-mm irregularity index with a sample of 60 with a .6.0-mm irregularity index approximately 10 years after therapy. They reported that the mean mandibular inferior border cortical thickness, as measured cephalometrically and indicative of the alveolus housing mandibular incisors, was significantly smaller in the relapse (.6 mm) group at all study periods. They concluded that patients with thinner mandibular cortices were at increased risk for dental relapse. This finding was confirmed 2 years later in another study by the same investigative group. 23 Mandibular cortical thickness may be an important issue, and augmentation bone grafting was used in the present study in combination with orthodontic treatment and selective alveolar decortication. 2 Greater stability of the mandibular anterior segment in Cort+ may be due to increased cortical bone thickness following these procedures if cortical bone thinness is a risk factor for anterior segment instability and increased incisor irregularity. 17, 23 It has been demonstrated that bone grafting is effective for at least 1 year following active corticotomy-facilitated treatment. We also surmised that enhanced posttreatment stability is likely due to the increased turnover of tissues following corticotomy. It is reasonable to believe that there is substantial tissue memory loss due to the intensity and proximity of the insult created when full thickness flaps are elevated and the alveolar cortices are intentionally scarred with a surgical bur rotating under irrigation at high speed. However, it must be emphasized that cortical bone thickness and increased tissue turnover are ''enhanced stability'' assumptions and need further investigation.
CONCLUSIONS
N The irregularity index increased in all subgroups with time, but mandibular incisor recrowding was slowed significantly for 10 years in adult orthodontic patients following Cort+. N Although the case-control study design of the present investigation was compromised by differences in subgroup sizes and ages, the results demonstrated enhanced treatment stability for the irregularity index compared with the stability of treatment outcomes without Cort+ as follows:
N The mandibular irregularity index following Cort+ was significantly less from immediate posttreatment to 5 years (1.5 mm vs 4.2 mm; P , .000) and 10 years (2.1 mm vs 4.1 mm; P , .000). N The rate of irregularity index change for Cort+ was significantly less from immediate posttreatment to 5 years (0.4 mm vs 2.8 mm; P , .000) and 10 years (0.9 mm vs 2.4 mm; P , .000) compared with that of Conv-5 and Conv-10.
N Although the limitations of the imperfectly matched samples must be recognized, it may be concluded that orthodontic therapy combined with Cort+ enhances the stability of the postorthodontic mandibular irregularity index for at least a decade.
